Introduction
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Living organisms guide the movement of effector organs or cells in response to 29 stimuli to make, or avoid, contact with things-be it a bee flitting from flower to 30 flower, a gibbon swinging from branch to branch, or a peregrine falcon diving on a 31 flying pigeon. Strikingly enough, plants, unlike animals, are commonly believed to 32 remain still, with their behavioural repertoire reducing, or so the story goes, to 33 invariant tropistic-Jacques Loeb's (1918) 'forced reactions'-or nastic responses 34 implemented in the form of sets of fixed reflexes. The need to control their 35 movements is thereby eliminated or seriously undermined. And yet plants are as 36 much in the move as any other living organism. Plant stems grow alternatively on 37 different sides, which results in the stem bending in one direction, then in the 38 opposite one. But there is virtually no growing part of any single plant that fails to 39 exhibit a movement of nutation (Mugnai et al., 2007) . Not only the tips of shoots 40 sway in circles as they grow, but also leaves and roots exhibit 'revolving nutation', 41 as Julius von Sachs called it, or circumnutation, to use the expression coined by 42 Charles Darwin. Circumnutation, we may say, is universal. All plants do it. Shoots 43 of climbing plants guide their movements to reach a support; roots navigate 44 belowground, guiding their movements to secure nutrients intake; young and 45 terminal leaves display helical and rotational oscillatory movements, etc. (Darwin, 46 1975; Darwin and Darwin, 1880) . 47 48 In this report, we consider the possibility that the power of movement in plants, to 49 echo Darwin and his son's seminal work, is not forced, or hardwired, but rather 50 appropriately controlled as much as the movements performed by bees, gibbons or 51 peregrine falcons are. More specifically, we shall focus our attention on what is 52 The control of movement in climbing plants 66 The underlying idea that motivates the research herewith reported is the suspicion 67 that the control of movement in plants is not unlike the control of movement in 68 animals. Plants and animals, we contend, have functionally similar internal systems 69 for organizing sets of behaviours. In essence, a plant that orients towards, say, a 70 source of energy behaves in functionally the same way as an animal that runs 71 towards its prey. It is in this sense that the type of control required to perform such 72 actions is our object of study. 73 74 Nutation is due to differential cell growth, and not to changes in the state of turgidity 75 (rigidity) of cells, as is the case, for instance, in heliotropic and nyctinastic (sleep) 76 movements. Whereas the latter exploit changes in turgor pressure and are thus 77 reversible by the alternative gain and loss of cell water, the former, being dependent 78 upon growth, is irreversible. In addition, growth-related circumnutation of the stem 79 is not triggered by external forces themselves, such as temperature, gravity, or 80 day/night cycles, but is rather brought about, maintained and modified by 81 endogenous means. Plants explore, and exploration uses up energy and therefore 82 needs to be done efficiently, especially considering that growth-related movements 83 are irreversible. Control thus appears to be needed for the regular pattern of bending 84 observed to obtain. In particular, both the direction and the amplitude of nutational 85 movements require control, if the metabolic cost of irreversible but idle movements 86 is to be minimized.
88
With that being said, that plants or animals control their movements does not imply 89 that their behaviour is to be accounted for in computational or information-90 processing terms. In fact, our working hypothesis is that both plants and animals 91 guide their movements ecologically-non-computationally. According climbing. Or take Monstera gigantea, a climbing vine whose seeds are able to 98 perceive an affordance (climb-ability) skototropically, as they grow towards 99 darkness (Turvey et al., 1981) .
General Rho/Tau Theory
116
General rho/tau theory (Lee 1998; Lee et al. 2009 ) aims to explain how living 117 organisms guide goal-directed movements endogenously by using prescriptive and 118 perceptual information. Up to 2009, the theory dealt with guidance of movement in 119 animals (see Lee et al., 2009) . In this section we review its main tenets, and 120 elaborate on how the theory applies to plants too. In a nutshell, the main points of 121 general rho/tau theory are as follows: 122 123 (i) Purposeful, goal-directed, movement entails guiding the trajectory of an effector 124 to a goal across a motion-gap; that is, it requires the guidance of the closure of 125 motion-gaps, where a motion-gap is defined as the changing gap between a current 126 state and a goal state. Motion-gaps may occur across a variety of dimensions-e.g., 127 distance when reaching, angle when shifting gaze or direction of movement, 128 pressure when gripping, pitch and loudness when vocalizing or making a noise, 129 intraoral pressure when suckling, etc. 1/tau of the gap-, for ease of exposition, rho rather than tau of a gap is used here. 153 We shall then say that the information used for guiding the closing (or opening) of a 1 The degree of rhoG-guidance of Y is assessed by linearly regressing the measured value, , on the mathematical function (Schogler et al. 2008 ). The criterion used as evidence of rhoGguidance is that more than 95% of the variance in the data is accounted for by Eq. (3) (i.e., r 2 >0.95). When this criterion is not met for a whole movement, the maximum percentage of the data extending to the end of the movement that satisfies the criterion is computed. The regression slope measures . 2 The values of X, t, and TG have been normalized for clarity, without loss of generality in all figures: the normalized size of the gap X equals 1; the gap starts to close at normalized time -1 and ends closure at normalized time 0; the normalized duration of closure, TG, equals 1. Figure 1A . Effect of the coupling factor, , on rhoG-guidance of gap X following the equation 193
, the rho of gap. Figure 1C . Effect of the coupling factor, , on rhoG-guidance of gap X following the equation 211 In all cases, propriospecific and expropriospecific movements must be coordinated 250 to achieve functional movement. This is the essential task of the electrochemical The setting was recorded from the two view-points illustrated in figures 1 and 2. 305 Lenses were zoomed to optimize the resolution of the movement of the shoot apex. The (x,y) coordinates for the shoot tip were subsequently transformed into (r,A) 341 coordinates (the zenithal camera allowed us to track the (r, A) coordinates of the 342 shoot tip, where r is the horizontal radial distance of the tip from the pole, and A is 343 the angle of this radius vector from a horizontal reference direction fixed in this 344 environment). We then performed a rhoG/tauG analysis on these (r,A) coordinates. mean strength (% of data fitting the theory with r 2 >0.95)) of tauG-guidance of rGT 373 was high when rGT was decreasing, but significantly (p<0.01, t-test) lower when 374 rGT was increasing (96.03% ± 0.56%se vs 85.43% ± 3.65%se). At the same time, 375 the mean k value of tauG-guidance was significantly (p<0.01, t-test) higher when 376 rGT was decreasing (0.55 ± 0.09se vs 0.29 ± 0.03se). These results indicate that the 377 movement of the tip relative to its mean position (G) was very gently, but weakly 378 tauG-guided when the tip was cast out (like a fly-fishing line) but was less gently, 379 and strongly tauG-guided when it was being reeled in. To obtain a measure of the angular speed of circumnutation, Figure C 
